Magnesium alloys are promising materials for lightweight design in the automotive industry due to their high strength-to-mass ratio. This study aims to study the influence of tension-compression asymmetry on the radius of curvature and energy absorption capacity of AZ31B-O magnesium alloy sheets in bending. The mechanical properties were characterized using tension, compression, and three-point bending tests. The material exhibits significant tension-compression asymmetry in terms of strength and strain hardening rate due to extension twinning in compression. The compressive yield strength is much lower than the tensile yield strength, while the strain hardening rate is much higher in compression. Furthermore, the tension-compression asymmetry in terms of r value (Lankford value) was also observed. The r value in tension is much higher than that in compression. The bending results indicate that the AZ31B-O sheet can outperform steel and aluminum sheets in terms of specific energy absorption in bending mainly due to its low density. In addition, the AZ31B-O sheet was deformed with a larger radius of curvature than the steel and aluminum sheets, which brings a benefit to energy absorption capacity. Finally, finite element simulation for three-point bending was performed using LS-DYNA and the results confirmed that the larger radius of curvature of a magnesium specimen is mainly attributed to the high strain hardening rate in compression.
Introduction
Driven by lightweight goals in the automotive industry, magnesium (Mg) alloys have captured increasing attention due to their low density ($1.77 g/cm 3 ), high strength-to-weight ratio, and high damping resistance (Ref 1, 2). Current major applications are high pressure die casting (HPDC) products, such as engine block, transmission cases, instrument panels, door frames, and steering wheels (Ref 3, 4) . Meanwhile, wrought Mg alloys (i.e., rolled sheets and extruded profiles) have been suggested to be promising lightweight materials for structural components because they have higher strength and ductility than HPDC Mg alloys. Nonetheless, the ductility of wrought Mg alloys at room temperature is relatively low compared with commonly used steels and aluminum (Al) alloys due to their limited deformation mechanisms arising from hexagonal close-packed (HCP) crystal structure and textures, resulting in difficulties with manufacturing processes and structural applications. Moreover, high cost and limited corrosion resistance of conventional Mg sheet productions have also restricted their large-scale applications.
Extensive studies have reported that wrought Mg alloys exhibit significant tension-compression asymmetry . It has been believed that the tension-compression asymmetry is associated with different deformation mechanisms for tension and compression (Ref [10] [11] [12] . Mg alloys generally can operate only four independent slip systems for AEaae type dislocations at low temperature, including basal AEaae slip and prismatic AEaae slip. Pyramidal AEa + cae slip, which in principle provides the additional independent slip systems, can accommodate only a limited amount of deformation because of its high critical resolved shear stress (CRSS) value (Ref 11, 13) . To accommodate arbitrary homogeneous plastic deformation, Mg alloys exhibit a strong propensity for f10 12gh10 1 1i extension twinning since it has a lower CRSS value than non-basal slip at low temperature (Ref [14] [15] [16] . It is generally accepted that CRSS basal < CRSS extension twinning < CRSS prismatic £ CRSS pyramidal at low temperature . Another twinning mode is 10 11 f gh10 1 2i contraction twinning; however, it behaves different from extension twinning and has much higher CRSS value than extension twinning (Ref 20) .
On the other hand, textures are induced by most wrought processes, so that the majority of grains are poorly oriented to accommodate strain in the prior working directions using their softest mechanisms, i.e., basal AEaae slip. When tension is applied along the sheet normal direction (ND) or compression is applied along the rolling direction (RD) or transverse direction (TD), extension twinning predominates at the early stage of deformation, resulting in low yield strength and a high strain hardening rate at stage II. On the contrary, when compression is applied along the ND or tension is applied along the RD or TD, non-basal slip and contraction twinning are activated at the early stage of deformation, resulting in high yield strength. Therefore, to be exact, extension twinning is responsible for the tension-compression asymmetry.
As far as sheet metal forming and vehicle crash are concerned, it is unavoidable that part of the material fibers layered in the sheet ND are subjected to tension, compression, or cyclic tension-compression. Therefore, it is indispensable to establish the material constitutive models which enable to capture the tension-compression asymmetry. Despite the large number of constitutive models available for cubic structure materials, the models for HCP materials, e.g., Mg alloys, are very few due to the difficulties in simultaneously modeling the plastic anisotropy, tension-compression asymmetry, and the influence of texture evolution during deformation. In the last decade, considerable efforts have contributed to develop sophisticated models based on the Cazacu-Plunkett-Barlat (CPB) family of yield models, such as the CPB06 (Ref 21 23) , and other models (Ref 24, 25) . The accuracy of these models can be higher than the classical models, especially for metal forming simulations.
To the authorsÕ knowledge, the research on the influence of tension-compression asymmetry on deformation behavior and energy absorption capacity in structural applications is little in the open literature, although the deformation mechanisms and constitutive modeling of the tension-compression asymmetry have been intensively studied. Easton et al. (Ref 26) observed that rolled Mg sheets were deformed with a larger radius of curvature than steel and Al sheets in buckling, and developed an analytical plastic buckling model incorporating strain hardening to predict the force-deflection curve. Hilditch et al. (Ref 27) reported that the peak loads for extruded Mg tubes occurred later than Al tubes in three-point bending, resulting in a benefit to energy absorption capacity of Mg tubes. The authors pointed out that the delayed peak loads were probably due to the higher strain hardening rate in compression. Recently, Steglich et al. (Ref 28) found that thin-walled Mg profiles had a gradual formation of buckles before fracture under axial crushing. The authors also used the high strain hardening rate in compression to explain this behavior. From the limited literature available, it could be concluded that the high strain hardening rate of wrought Mg alloys in compression may be beneficial to energy absorption capacity in bending and buckling. However, the influence of tension-compression asymmetry on the radius of curvature and energy absorption capacity has not been thoroughly studied.
The present work aims to study the influence of tensioncompression asymmetry on the radius of curvature and energy absorption capacity of AZ31B-O Mg alloy sheets. Firstly, quasi-static tensile and compressive tests are conducted to characterize the plastic anisotropy and tension-compression asymmetry. Then, the radius of curvature and energy absorption capacity of Mg, steels, and Al sheets in three-point bending are compared. Finally, finite element (FE) simulation for threepoint bending is performed to study the influences of yield strength, strain hardening rate, and difference of yield strength between tension and compression on the radius of curvature.
Materials and Microstructures
The materials used in this research are commercial-grade AZ31B-O (Mg-2.6Al-0.7Zn-0.2Mn, wt.%) Mg alloy sheets with 1.80 and 2.92 mm thicknesses in an annealed (O temper) condition. The sheets were produced by twin-roll casting and sequential hot rolling in MgF Magnesium Flachprodukte GmbH in Germany. For comparison purpose, the tensile behavior of 0.85-mm-thick mild steel DC04, 1.95-mm-thick stainless steel EN1.4301, 1.92-mm-thick Al alloy AW-5083-O, and 2.96-mm-thick Al alloy AW-6082-T6 were also studied. The material specimens were machined by water-jet cutting and sanded with 400-grit sandpapers along the cutting edges to prevent initial cracks. Figure 1 (a) shows the initial microstructure of the 1.80-mmthick AZ31B-O sheet measured by optical metallography using a Zeiss Axiovert 200MAT metallographic microscope. The initial microstructure reveals that the material was fully recrystallized during annealing, resulting in an equiaxed grain structure and a broad grain size distribution with an average intercept size of around 9.5 lm. Figure 1(b) and (c) show the initial inverse pole figure map and texture measured by electron backscatter diffraction (EBSD) using a Hitachi scanning electron microscope integrated with HKL/Oxford EBSD and AZtecHKL EBSD software. The basal {0001} pole figure, prismatic f10 10g pole figure, and pyramidal f10 11g pole figure were analyzed. It can be seen that the material exhibits a strong basal fiber texture with the basal planes of most grains aligned parallel to the sheet surface. The intensity distribution of the basal pole is slightly broader between the ND and TD than between the ND and RD.
Experimental Methods

Uniaxial Tensile Tests
A static universal material testing machine Zwick/Roell Z250 was employed to conduct quasi-static tensile tests on the thin-sheet materials. As shown in Fig. 2(a) , the standard dog-bone specimen geometry outlined in ASTM E8/E8 M-11 was employed. The Mg specimens oriented in the RD, DD, and TD were tested to consider the in-plane anisotropy, while the steel and Al specimens oriented in the RD were tested. The orientation designations are illustrated in Fig. 2(b) . For each specimen, the quasi-static tensile force was recorded by an internal load cell and the longitudinal strain (length or extension strain) along a gage length of 50 mm was recorded by a sensor arm extensometer. Simultaneously, the ARAMIS Ò two-dimensional digital image correlation (2D-DIC) system (GOM GmbH, Germany) was used to measure the longitudinal strain and transverse strain (width or contraction strain). To get high-quality DIC results, each specimen was marked with a high-contrast speckle pattern by spraying white and black paint, as shown in Fig. 2(c) . The tensile tests were conducted at a cross-head velocity of 4.6 mm/min and room temperature, which obtained a strain rate of about 0.001/s.
The r value (also called Lankford value or plastic strain ratio) was determined using the measured length and width strains according to the standard ISO 10113-2006 by assuming plastic incompressibility during the plastic deformation:
where e p l , e p w , and e p t are the true plastic strain across the specimenÕs length, width, and thickness directions, respectively. The true plastic strains were calculated by subtracting the elastic strains from the total true strains, as follows:
where L 0 and W 0 are the original gage length and gage width, respectively; DL 0 and DW 0 are the change of the original gage length and gage width, respectively; S 0 is the original cross-sectional area of the parallel section; F is the recorded force; E and m are the YoungÕs modulus and PoissonÕs ratio, respectively. The values of E and m are 43,500 MPa and 0.35, respectively, for Mg AZ31B-O. To be noted, the value of F should be negative when the specimens were tested in compression.
Uniaxial Compressive Tests
Determining the compressive properties of a thin-sheet material has been a long-standing challenge because a thinsheet material is prone to buckle prior to true compressive failure. To suppress the buckling, various sophisticated testing methods have been developed (Ref [29] [30] [31] [32] [33] . Recently, the current authors (Ref 34) developed a new simply constructed testing method for room-temperature uniaxial compression. For convenience, the new method will be briefly introduced here. As shown in Fig. 3 , the thin-sheet specimen with a single-sided groove in the parallel section is clamped by the back antibuckling plate and the two front anti-buckling plates. The two front anti-buckling plates are attached to the specimen by pin bolts, nuts, and spring washers. The lower end of the specimen is flush with the upper end of the base support, so that the specimen is self-aligned and concentric loading is guaranteed. The compressive load is introduced via the both ends of the specimen. The testing machine Zwick/Roell Z250 with a compression platen was employed and a testing velocity of 2 mm/min was set to obtain a strain rate of about 0.001/s.
The lateral support in the parallel section of the specimen is applied to only one side through the back anti-buckling plate. In order to suppress the buckling over the parallel section, a special thin-sheet specimen with a single-sided groove in the parallel section was developed as shown in Fig. 4 (a)-(c). The reduced thickness leads to an off-axial load which generates a bending moment M p over the parallel section, as shown in Fig. 4(d) . The self-balance between the bending moment M p and the normal force N p exerted by the back anti-buckling plate prevents the buckling. To measure the length and width strains, the ARAMIS Ò 2D-DIC system was employed since the front side of the specimen is visible during testing. The length and width strains were measured in the gage section with a length of 8 mm, where the stress state was close to uniform uniaxial state for most cases. To minimize the friction, the anti-buckling plates were covered with 0.25-mm-thick Teflon Ò PTFE films and Vaseline cream. Moreover, the biaxial effect induced by the normal forces from the anti-buckling plates and the frictional effect caused by the friction between the specimen and antibucking plates should be compensated. For more details, the reader can refer (Ref 34).
Three-Point Bending Tests
As shown in Fig. 5 , a Zwick/Roell three-point bending fixture was employed. The specimens were cut in a rectangular shape with dimensions 150 mm 9 50 mm. The radius of the upper cylindrical indenter and lower supports were 10 mm. Every specimen was placed centrally between the lower supports with a span length of 100 mm. The upper indenter was fixed and the lower supports were actuated by the testing machine. A displacement transducer was used to measure the deflection from the outer surface of the specimen. The ARAMIS Ò three-dimensional (3D) DIC system was employed to analyze the strain distribution on the outside surface of the specimen. The testing velocity was set to 12 mm/min. All the tests were terminated at a deflection of 45 mm due to the space limitation of the fixture.
Experimental Results
Uniaxial Tension and Compression
The typical measured engineering tensile and compressive strains in length are shown in Fig. 6 (a) and (b), respectively. It can be seen that the engineering tensile strain measured by the 2D-DIC system coincides very well with that measured by the sensor arm extensometer. Therefore, only the results from the 2D-DIC analysis were used in the following sections. For compression, the percent difference between the average and measured strains was less than 5% in the gage section covered by a dotted-line rectangular; therefore, good deformation uniformity was obtained using the new method.
4.1.1 Strength and Ductility. The averaged true stressstrain curves of the 1.80-mm-thick AZ31B-O sheet in tension and compression are shown in Fig. 7 (a) and the corresponding mechanical properties are summarized in Table 1 . It can be seen that the tensile stress-strain curves exhibit a typical concave-downward appearance. The tensile flow stress monotonically increases with increasing tensile strain, and the relationship between the tensile flow stress and strain can be described with a power law. The AZ31B-O sheet exhibits in-plane anisotropy of strength and ductility in tension. Both the tensile yield strength (TYS) and ultimate tensile strength (UTS) decrease as the tensile axis rotates from the RD to TD. Moreover, the total elongation (TE) at fracture also decreases as the tensile axis rotates from the RD to TD.
Unlike the concave-downward tensile stress-strain curves, the compressive stress-strain curves exhibit an unusual sigmoidal appearance with being concave-upward at true strains lower than about 8% and concave-downward at higher true strains. The AZ31B-O sheet also exhibits in-plane anisotropy of strength and ductility in compression-the compressive yield strength (CYS), ultimate compressive strength (UCS), and TE in compression decrease as the compressive axis rotates from the RD to TD.
Compared with the in-plane anisotropy of strength and ductility, the tension-compression asymmetry was more signif- icant. On the one hand, the compressive yield strength (%101 MPa) is much lower than the tensile yield strength (%171 MPa) in each orientation, but the compressive flow stress exceeds the tensile flow stress at a true strain higher than about 9%. On the other hand, the strain hardening rate (dr=de) differs considerably between tension and compression. As manifested in Fig. 8 , the strain hardening rate for the Mg sheet is low in tension, but high at stage II in compression. Unlike the fracture behavior for many steels and Al alloys, the total elongations at fracture of the Mg sheet in compression are lower than those in tension.
The steel and Al sheets can be assumed to be tensioncompression symmetric and their in-plane anisotropy was not considered in this experiment. Thus, only the tensile mechanical properties along the RD were compared among the Mg, steel, and Al sheets, as shown in Fig. 7(b) and Table 1 . The steel and Al sheets exhibit significantly higher tensile yield strength and ultimate tensile strength than the Mg sheet except that Al AW-5083-O sheet has lower tensile yield strength than the Mg sheet. Moreover, both steel sheets exhibit much higher total elongations than the Mg and Al sheets, while the Mg and Al sheets show comparable total elongations in tension.
R values.
Unlike commonly used steels and Al alloys, the Mg sheet exhibits a distinct evolution of r value with respect to the effective plastic strain in both tension and compression. As shown in Fig. 9 , the r values increase with increasing effective plastic strain. A significant variation of r value within the sheet surface (in-plane plastic anisotropy) was also observed-the r value decreases as the loading axis rotates from the RD to TD. Furthermore, the tension-compression asymmetry in terms of r value was observed-the r value in tension is significantly higher than that in compression. The r value in tension is high (1.0-3.7), while the r value in compression is low (0.01-0.28). The reason for this behavior lies in the mechanical twinning, which will be discussed in It is known that the mechanical properties of wrought Mg alloys strongly depend on the textures. Dislocation slip and mechanical twinning are two common deformation mechanisms which are highly related to the orientation of deformed grains with respect to the direction of applied stresses (the so-called Schmidt factor). As illustrated in Fig. 1(c) , both the tensile and compressive axes are nearly parallel to the basal planes of most grains in the specimens, corresponding to very small Schmidt factors for basal slip. If only Schmidt factor is considered, it is unfavorable to activate basal slip and extension twinning under tensile loading; therefore, non-basal slip (prismatic AEaae slip and pyramidal AEa + cae slip) and contraction twinning should be activated at the early stage of deformation due to their favorable orientations (Ref 10, 13, 20) , resulting in high tensile yield strength. On the contrary, it is favorable to activate extension twinning under compressive loading due to its favorable orientation and low CRSS value, resulting in low compressive yield strength. Therefore, extension twinning is responsible for the tension-compression asymmetry.
The microstructures near the fracture zones of the tensile and compressive specimens are shown in Fig. 10 . As expected, needle-like twins were observed under an optical microscope. The number of twins in the compressive specimen is larger than that in the tensile specimen, because twinning predominates in compression but non-basal slip predominates in tension (Ref Fig. 8 Strain hardening rates for the tested magnesium, steel, and aluminum sheets Table 1 Measured mechanical properties of the tested magnesium, steel, and aluminum sheets at a strain rate of 0.001/s and room temperature The abbreviations are defined as follows: E YoungÕs modulus, r h r value at an angle of h to the rolling direction in tension, CYS 0.2% offset yield strength in compression, TYS 0.2% offset yield strength in tension, UCS ultimate compressive strength, UTS ultimate tensile strength, TE total elongation at fracture. The left values of E were determined by averaging the measured YoungÕs modulus for all the tested specimens, while the right values were taken from www.matweb.com. The r values for AZ31B-O are the averaged values of r values within the range of measured plastic strain. The TE in compression may not be the true total elongation at fracture of the material because the grooved specimens fractured at the groove corners, but not in the gage section.
10). A large number of twin boundaries formed in compression act as barriers to dislocation motion, i.e., both dislocationdislocation and twin-dislocation interactions, leading to a high strain hardening rate at stage II as shown in Fig. 8 . The anisotropic behavior can be interpreted by the texture and strain accommodation mechanisms. As mentioned before, the c-axes of most grains have a slightly preferential spread toward the TD, resulting in a higher Schmidt factor for basal slip in the TD than in the RD. This allows relatively easier activation of basal slip if a load is applied in the TD. Consequently, it would result in higher yield strength in the RD than in the TD for both tension and compression. Although non-basal slip predominates in in-plane tension, the thickness contraction induced by the length extension cannot be easily accommodated by prismatic AEaae slip since the prismatic planes of most grains are aligned parallel to the contraction direction in thickness. Instead, pyramidal AEa + cae slip is preferentially oriented to accommodate the width contraction. However, its high CRSS value limits its activation at room temperature so that only a limited amount of thickness strain can be accommodated by pyramidal AEa + cae slip. On the other hand, a more amount of width strain can be accommodated by prismatic AEaae slip. It means that under in-plane tensile loading, the material prefers to flow within the sheet surface rather than in the ND. Thus, the width strain is significantly higher than the thickness strain, leading to a high r value in tension. On the contrary, if an in-plane compressive load is applied, the material prefers to flow in the ND rather than within the sheet surface due to extension twinning. Thus, the width strain is significantly lower than the thickness strain in compression, leading to a low r value in compression. Moreover, an increase of r value with respect to the orientation and effect plastic strain could be connected with increased activity of non-basal AEaae slip (Ref 13).
Three-Point Bending
4.2.1 Load-Carrying Capacity. It can be seen from Fig. 11 that the F-D curve of the 2.96-mm-thick AW-6082-T6 specimen is significantly higher than those for other specimens, and the highest peak force is obtained accordingly. The 1.95-mm-thick EN1.4301 specimen and 2.92-mm-thick AZ31B-O specimen reach the second highest peak force and the two curves have a comparable force level in general, although the 2.92-mm-thick AZ31B-O specimen is nearly 3 times lighter than the 1.95-mm-thick EN1.4301 specimen. The 0.85-mmthick steel DC04 specimen exhibits the worst load-carrying capacity-nearly 2.6 and 8.7 times lower peak force than the 1.80-mm-and 2.92-mm-thick AZ31B-O specimens, respectively, although it has higher mass than the two AZ31B-O specimens. For the two AZ31B-O specimens, the thicker specimen reaches a nearly 3.3 times higher peak force than the thinner specimen, which indicates that the load-carrying capacity in bending significantly depends on the thickness. Comparing the F-D curves of the 2.92-mm-thick AZ31B-O specimens cut along the RD and TD, it was observed that the effect of plastic anisotropy on the load-carrying capacity is not significant. Furthermore, it can be seen in Fig. 11(b) that the corresponding deflections at the peak forces for the Mg specimens are larger than those for the steel and Al specimens. This behavior can be a benefit to energy absorption capacity. Similar results were also reported by Hilditch et al. (Ref 27) for AZ31 tubes under three-point bending.
The specific energy absorption (SEA), which can be calculated by dividing the absorbed energy by the mass of the specimen, is an important indicator to evaluate the energy absorption capacity for lightweight structures. As manifested in Fig. 12 , the steel specimens have the lowest SEA. The 2.92-mm-thick AZ31B-O specimen has almost the same mass (39 g) with the 1.92-mm-thick AW-5083-O specimen; however, the former absorbed nearly 2 times more energy than the latter. Consequently, the former has nearly 2 times higher SEA than the latter. Nevertheless, the 2.92-mm-thick AZ31B-O specimen has about 15% lower SEA than the 2.96-mm-thick AW-6082-T6 specimen, which is attributed to the much higher strength of AW-6082-T6. For automotive body structures, utilizing Al sheets with thicknesses smaller than 3.0 mm should be a trend due to lightweight requirements. On the contrary, Mg alloys have a geometric advantage-thicker sheets can be utilized due to their low density. In this case, Mg alloys may outperform Al alloys in terms of SEA in bending since the SEA generally increases with the increase in thickness. To be noted, improving the ductility of Mg sheets should be emphasized because thicker sheets generally experience higher strains on the inside and outside surfaces and accordingly tend to fail earlier in bending.
Radius of
Curvature. An interesting feature in three-point bending is the radius of curvature. As shown in Fig. 13 , the deformed AZ31B-O specimens have the largest radiuses of curvature, then the AW-5083-O specimen followed by the EN1.4301 and DC04 specimens, while the AW-6082-T6 specimen has the smallest radius of curvature. A larger radius of curvature means that a larger amount of the material is involved in plastic deformation, which is mirrored by the distributions of the engineering tensile strains on the outside surfaces of the specimens shown in Fig. 14 . For AW-6082-T6, the plastic deformation is localized within a small area just underneath the upper indenter; therefore, the material on the outside of the specimen experiences a much higher strain than AZ31B-O. Similar behavior in buckling was also observed by Easton et al. (Ref 26) . Moreover, the effect of thickness on the radius of curvature was also observed-the thicker Mg specimen has a slightly larger radius of curvature than the thinner Mg specimen.
To interpret the different radiuses of curvature, the strain hardening rate was considered first. The strain hardening in a local area strengthens the material enough relative to the material outside of it; the material outside continues to deform Fig. 11 (a) Averaged force-deflection curves, (b) peak forces and corresponding deflections of the magnesium, steel, and aluminum specimens in three-point bending Fig. 12 Specific energy absorption of the magnesium, steel, and aluminum specimens in three-point bending if further strain hardening in the local area occurs because a higher stress is applied to the material outside. Thus, a higher strain hardening rate will spread the deformation over a larger area, resulting in a larger radius of curvature. As manifested in Fig. 8 , the Mg sheet in compression has a high strain hardening rate at stage II. Therefore, the large radiuses of curvature for the Mg specimens can be associated with the high strain hardening rate in compression. On the contrary, the small radius of curvature for the AW-6082-T6 specimen can be associated with its small strain hardening rate. 
Finite Element Simulation
Finite Element Model
The qualitative analysis above came to an explanation on the radius of curvature in bending; however, the influence of strain hardening rate on the radius of curvature still needs to be verified and confirmed. On the one hand, conventional analytical models generally assumed that the neutral layer of a section remains in the center of the section during bending. However, the neutral layer of an Mg section will shift toward the tension side due to the strength differential effect (Ref 23) . Thus, it is unavoidable to produce some errors using conventional analytical models. On the other hand, the influences of yield strength and the difference of yield strength between tension and compression on the radius of curvature are still unknown. In the present work, finite element analysis (FEA) was used to study the influence of tension-compression asymmetry on the radius of curvature.
The non-linear FEA code LS-DYNA R7.0.0 was employed to simulate the three-point bending tests. As shown in Fig. 15 , the specimen was modeled with deformable Belyteschko-Tsay (BT) shell elements using a mesh size of 1.0 mm and 9 through-thickness integration points. The indenter and supports were modeled with rigid BT shell elements using a mesh size of 1.0 mm. An automatic surface-to-surface contact algorithm with an assumed friction coefficient in the range of 0.1 to 0.3 was used to describe all the contact interfaces. The friction coefficient for each testing case was numerically obtained so that the simulated force-deflection curve with this particular value was compatible with the experimental curve. To improve computational efficiency, a simulation velocity of 500 mm/s was actuated from the indenter in the -Z direction.
A suitable material model is a key factor to simulate Mg alloys in bending. These models have high accuracy for sheet metal forming simulations; however, they require not only complex coding but also a large number of material tests to calibrate material parameters. This study employed the commercial models *MAT103 and *MAT124 in LS-DYNA (Ref 35) . The *MAT103 model was applied to the steels and Al alloys because it considers plastic anisotropy using the HillÕs 1948 yield criterion (Ref 36) . For sheet materials, the stress state is assumed to be plane stress along the thickness direction. Therefore, the HillÕs 1948 yield criterion reduces to
where r x , r y are the normal stress in x, y orthotropic axis, respectively; s xy is the shear stress in x-y plane; F, G, H, and N are the anisotropy constants. The constants can be easily obtained from r 0 , r 45 , and r 90 which are the r values along the RD, DD, and TD. Therefore, Eq 4 is generally expressed in terms of r values:
where r 2 is the flow stress in uniaxial tensile or compressive stress state along the RD. For simplicity, the steels and Al alloys are assumed to be normal anisotropic (r 0 = r 45 = r 90 = r) in this study. The r values used in the FEA for the steels and Al alloys are listed in Table 1 , which were obtained from the uniaxial tensile tests along the RD. To consider tension-compression asymmetry, the *MAT124 model was applied to simulate the three-point bending of the Mg alloy. The *MAT124 model is an isotropic elastic-plastic material model that follows the von Mises yield criterion, i.e., Eq 5 when r 0 = r 45 = r 90 = 1 for plane stress conditions. Therefore, the effect of material anisotropic behavior is neglected. The *MAT124 model was developed to distinguish both tensile and compressive behavior of a material using unique piecewise linear isotropic hardening models for tension and compression. Tension and compression are determined by the sign of the mean stress, ðr x þ r y þ r z Þ=3. A positive mean stress is indicative of tension while a negative mean stress is indicative of compression. In this study, two curves obtained from the uniaxial tensile and compressive tests along the RD were defined in the model giving the yield stress versus effective plastic strain for tension and compression, respectively. The LS-DYNA explicit solver was employed for all the simulations, because the implicit solver cannot support the *MAT124 model integrated into the shell formulations in the current code.
The experimental and simulated F-D curves for three representative specimens were compared in Fig. 16 . The simulated curves correlate well with the experimental curves with some small differences. The simulated cross-sections in the middle layer of the three specimens were plotted in Fig. 17 . Being the same with the experimental results, the simulation results show that the 2.92-mm-thick AZ31B-O specimen has the largest radius of curvature, while the AW-6082-T6 has the smallest radius of curvature. The effect of thickness on the radius of curvature was also observed from the simulation results. Therefore, the feasibility and accuracy of the FE model are verified.
Influence of Tension-Compression Asymmetry
To study the influences of yield strength, strain hardening rate and difference of yield strength between tension and compression on the radius of curvature, different cases were examined based on the FE model for the 2.92-mm-thick Mg specimen, as listed in Table 2 . The cases were classified into four groups and identified by letters and numbers. The first letter ''S'' stands for tension-compression symmetry and ''A'' for asymmetry. The second letter ''Y'' stands for varying yield strength and ''R'' for varying strain hardening rate. The third number stands for the case number in each group. A linear strain hardening law was used to keep a constant strain hardening rate during plastic deformation. Figure 18 shows the simulated cross-sections for the four groups. From Fig. 18(a) , it can be seen that the yield strength has almost no influence on the radius of curvature for tensioncompression symmetric materials. From Fig. 18(b) and Fig. 18(d) , a significant effect of strain hardening rate was observed for both symmetric and asymmetric materials-the radius of curvature significantly increases with increasing the strain hardening rate. Thus, the influence of strain hardening rate on the radius of curvature is verified and confirmed. For asymmetric materials, the strength difference between tension and compression has a relatively moderate influence on the radius of curvature-as shown in Fig. 18(c) , the radius of curvature increases with increasing strength difference. But the influence of strength difference is relatively small compared with the influence of strain hardening rate. Moreover, decreasing the compressive yield strength will significantly reduce the energy absorption capacity when keeping a constant strain hardening rate and tensile yield strength. It is therefore hereby confirmed that the large radius of curvature for an Mg specimen is mainly attributed to its high strain hardening rate in compression, and that the high strain hardening rate in compression is beneficial to the energy absorption capacity.
The high strain hardening strain in compression has two benefits to energy absorption capacity. On the one hand, a larger radius of curvature involves more material in plastic deformation. One the other hand, for low-ductile Mg alloys, a larger radius of curvature delays the material fracture because a larger radius of curvature means a smaller strain at the plastic hinge. Taking advantage of these characteristics could be helpful to design load-carrying structures of wrought Mg alloys, such as crash rails, rocker rails, and door beams. A few efforts have been made in (Ref 27, 28, 37) ; however, more attention should be paid to the potential advantages of these characteristics. Recently, Zhou et al. (Ref 38) found that foamfilled thin-walled beams of the currently studied Mg alloy in dynamic bending were deformed with a larger radius of curvature compared with steel beams that leads to higher SEA for Mg beams. Nonetheless, the potential advantages are restricted due to the low ductility of Mg alloys, especially in compression. ,000  200  50  2000  2000  AY2  42,000  200  100  2000  2000  AY3  42,000  200  150  2000  2000  AR1  42,000  200  100  2000  500  AR2  42,000  200  100  2000  2000  AR3  42,000  200  100  2000 10,000
The abbreviations are defined as follows, E YoungÕs modulus, YS 0.2% yield strength, E p plastic modulus, T tension, C compression. 
Conclusions
This study characterized the mechanical properties of AZ31B-O Mg sheets in in-plane tension/compression and three-point bending. The influence of tension-compression asymmetry on the radius of curvature and energy absorption capacity in bending are investigated using experiment and simulation. The main conclusions are listed as the following:
(1) The compressive yield strength is much lower than the tensile yield strength due to extension twinning in compression, while the strain hardening rate at stage II in compression is much higher than that in tension due to the twin boundaries that act as barriers to dislocation motion in compression. (2) In tension, the material prefers to flow within the sheet surface rather than in the thickness direction, resulting in r values higher than 1.0. In compression, the material prefers to flow in the thickness direction rather than within the sheet surface, resulting in r values lower than 0.3. (3) In three-point bending, the AZ31B-O sheet can outperform steel DC04, EN1.4301, and Al AW-5083-O sheets in terms of specific energy absorption mainly due to its low density. Moreover, the AZ31B-O sheet was deformed with a larger radius of curvature-more material was involved in plastic deformation. (4) Finite element simulation results verified and confirmed that the larger radius of curvature of an Mg specimen in bending is mainly attributed to the high strain hardening rate in compression, and that the high strain hardening rate in compression is beneficial to the energy absorption capacity. 
